Enabling an automated, remote and rapid detection of structural damage, sensor-based structural health monitoring is becoming a powerful tool for maintenance of civil engineering structures. In this study, a baseline-free, time-domain damage detection method was developed for concrete structures, which is based on analysis of nonlinear damping from measured structural vibration responses. The efficacy of the proposed method was demonstrated through a large-scale concrete bridge model subjected to different levels of seismic damage caused by shaking table tests. By applying the random decrement signature technique, the proposed method successfully identified, from its ambient vibration responses, nonlinear damping of the bridge associated with the seismic damage. The amount of the nonlinear damping increases as the seismic damage becomes more severe. This paper also compares the damage detection results with those obtained by stiffness-based methods, demonstrating a strong correlation between the increase in nonlinear damping and the decrease in structural stiffness associated with the increase in damage severity.
INTRODUCTION
The work presented in this paper deals with structural dynamics and develops theoreticalexperimental identification techniques for structural damage detection. The ultimate goal is to detect, locate, and assess, in real-time and at a remote location, bridge structural damage, by processing vibration responses of a bridge measured by on-bridge sensors. This is particularly be acquired from a real structure, since the measurement requires neither the structure being taken out of service, nor expensive exogenous excitations.
NONLINEAR DAMPING ON REINFORCED CONCRETE STRUCTURES
Experiments carried out in the late 1990s on pre-cast reinforced concrete panels [14] showed that the presence of a small, visually undetectable crack caused negligible changes in natural frequencies, but a considerable increase in damping. The depth of the studies led to the conclusion that a clear relationship exists between the presence and the entity of damage in the structures and the appearance of a nonlinear dissipative mechanism, which can be expressed by means of a nonlinear damping. As many studies outlined [19] , nonlinear damping in reinforced concrete can be directly correlated to the presence of cracks.
There is a fundamental difference between damage detection methods based on modal parameters (frequencies, mode shapes, damping) and the ones based on identification of anomalies, e.g. nonlinearity. In the methods based on classical modal parameters, damage is revealed though a difference in behavior between undamaged and damaged conditions. Therefore, these methods have difficulties to detect damage if the characteristics of the structure in the undamaged state are not available. On the contrary, in case of the methods based on nonlinearity, the anomaly itself reveals the damage, without any reference to the undamaged state [14] . This latter approach has not been extensively studied in literature for damage detection purposes, although many researchers have studied the nonlinear damping phenomenon [19] [20] [21] [22] .
Theoretical background
Damping in a vibrating structure is associated with a dissipation of mechanical energy [19] . The energy dissipation equals the work done by the damping force. In case of a free vibration the presence of damping results in a continuous decay of the amplitude. If the motion is an oscillation, for every cycle the quantity of energy loss DE can be expressed as
where s is the stress (or internal force) and e is the strain (or deformation). This quantity can be represented as the area inside the hysteretic loop formed for each cycle. If the system is modeled as a simple linear oscillator, the differential equation of motion is expressed as
where x is the displacement, m is the mass of the system, k is the stiffness, and c is the damping coefficient, while F(t) is the external excitation. Many researches proved how, in the undamaged condition, the dissipation of energy is due mostly to material damping, which appears macroscopically viscous, i.e. proportional to the velocity of motion [20] . The energy dissipated per cycle becomes
where o is the natural frequency of the system, x 0 is the initial amplitude of oscillation, and the integral is taken over a period T.
A viscous damping ratio can be defined as
where E pot is the maximum strain potential energy of the structure
In case of free vibration, from Equations (3)- (5) the viscous damping ratio becomes
This quantity is independent from the amplitude of oscillation x 0 . In reality, civil engineering structures often do not show purely viscous damping. In particular, the behavior of reinforced concrete elements is strongly influenced by cracking. If the element is damaged, within the cracks the most significant dissipation mechanism can be represented, with the best agreement to the real behavior, with Coulomb friction. This is due to the phenomenon of slip between steel and concrete.
The differential equation that describes a purely friction-damped system is
where F C is the friction force. Equation (7) is nonlinear, and its solution needs to be calculated through numerical integration. Usually F C is expressed with reference to the compression force N acting between the surfaces, such as
where m is the friction coefficient, which depends only on the contact materials. The energy loss per cycle for this model, with reference to Equation (1), becomes
An equivalent frictional damping ratio can be therefore defined as
Unlike the viscous damping ratio, this parameter is dependent on the initial amplitude x 0 . Figure 1 shows a comparison between the hysteretic loops obtained from the two models of viscous and friction damping, respectively. Unlike the viscous damping, the shape of the hysteretic loop of the friction system is due to the fact that the damping force has a constant intensity, always opposite to the direction of motion, as seen in Equation (7). The solutions of Equations (2) and (7), in case of free vibration, are represented in Figure 2 . The envelopes of these decays a(t) represented in Figure 2 can be expressed, respectively as a t ð Þ ¼ x 0 e ÀxÁoÁt for viscous damping ð11Þ
DAMAGE DETECTION BASED ON DAMPING ANALYSIS where x lim is the limit displacement in static equilibrium, defined as
From Equations (10) and (13) the frictional damping ratio g can be expressed as
Therefore, Equation (12) becomes
Considering its complexity, a cracked bending element, where both the viscous and friction damping phenomena co-exist at the same time, can be modeled as a combined system. In particular, Figure 3 shows that in the cracked zone where there is friction in the reinforcement surface, the most significant dissipation mechanism is the friction damping. On the contrary, in the compression zone, it can be assumed that only material (viscous) damping is present. Therefore, the bending element can be modeled as shown in Figure 3 , where k represents the bending stiffness of the element, while m the relevant mass. The mass-normalized equation of motion of the combined model becomes
Equation (16) is nonlinear and its exact solution can be found through a numerical integration [22] . A sufficiently accurate approximation for practical purposes was obtained, assuming that the total loss of energy DE tot can be interpreted as a simple sum of the viscous and the friction dissipations [16] . If no external forces act on the system (i.e. free vibration), DE tot is equal to the variation of potential energy of the system, i.e.
In presence of a Coulomb friction mechanism, free motion is generally non-sinusoidal. However, a sinusoidal solution of Equation (16) is acceptable when elastic forces are greater than friction forces. In this case, the three terms in Equation (17) can be replaced with Equations (3), (5), and (9), this time considering x instead of x 0 , since the balance is not yet integrated in time
The same balance can be expressed in terms of power, dividing each member by Dt ¼ T ¼ 2p=o, and obtaining
By integrating Equation (19) over a period the solution of Equation (16) can be calculated. Its envelope can be expressed, considering Equations (6) and (14), as a function of the initial amplitude x 0 , the natural frequency of the system o and the two damping ratios x for viscous damping and g for friction damping: Figure 4 shows the free decay of the described combined model, as defined in Equation (20) . The values of g and x will give information about the percentage of the total energy dissipated by each damping phenomenon. g 5 0 means that no friction damping acts on the system: therefore no cracks are present. On the contrary, a positive value of g means that a frictional dissipation acts on the element. Therefore, the friction damping ratio g can be directly correlated to the presence of damage in the considered concrete element. 
Damage detection procedure
The proposed procedure for damage detection starts from the analysis of a free vibration of the considered structure, given as a response to an impulse excitation. A free mono-frequency signal needs to be extracted from the response of the structure.
After obtaining the single degree of freedom (SDOF) free response, the envelope of the decay needs to be derived, by picking the oscillation peaks. For every period of oscillation two values-positive and negative peak-are extracted, by simply considering the opposite value of the negative peaks.
The damage detection method is based on the fact that the envelope of a free decay gives information about the dissipation forces acting on the system. Depending on the shape of the envelope, it can be concluded that either only viscous dissipation acts on the system-pure exponential decay, as shown in Figure 2(a) , or that both viscous and friction forces are present-combined decay, as in Figure 4 . In order to assess which of the described models is more appropriate to represent the recorded signal, the envelope of the oscillation must be fitted with both Equations (11) and (20) . The values of x and g can thus reveal information about the damping mechanisms.
Figures 5 and 6 show the fitting procedure applied in a previous study on pre-cast reinforced concrete panels [16] . In particular, Figure 6 shows the different shapes of the oscillation in case of undamaged and damaged elements. The damping characteristics can be visually described from a semi-logarithmic plot of the decay: a straight line can be directly correlated to a viscous 
AMBIENT VIBRATION RESPONSES: USE OF THE RD SIGNATURE
As presented in Section 2, the nonlinear damping-based damage detection method was originally developed to use free vibration or impulse response and applied to small concrete specimens tested in laboratory conditions. For large-scale concrete structures in the field, however, it is not practical to obtain such free vibration or impulse response.
This paper further develops the nonlinear damping-based damage detection method to extend its application to concrete structures using ambient vibration response, instead of free vibration. In many cases it is relatively easy to obtain ambient vibration responses. Many techniques were developed in the recent years, in order to extract the dynamic characteristics of the structures from ambient vibration responses. They are based on the so-called operational modal analysis, which works with output data under the hypothesis of unknown input excitation [23] .
RD signature
Application of the RD signature enables damping analysis of the ambient vibration. The RD method was developed by Cole [3] and used to identify free vibration from a measured random excitation.
The technique is based on averaging of sub-segments extracted from the random signal and chosen with appropriate criteria (referred to as triggering conditions). The averaging procedure results in an RD signature, which minimizes the random component in the original signal by leaving only the response to the triggering conditions. In literature many different triggering conditions can be found [24] . In this study the so-called level crossing triggering condition is employed. Every time the signal crosses the chosen triggering level, a sub-segment is formed. The resulting RD signature is a free decay with initial value equal to the chosen triggering level. The concept can be expressed with the simple formula:
yðt k þ tÞ ð 21Þ where z(t) is the RD signature, t is the time reference of the sub-segments, N is the number of averages, y is the recoded data, and t k is the time at which the triggering level is crossed. The concept of the algorithm is illustrated in Figure 7 . The triggering level is usually chosen with reference to the standard deviation s of the distribution of the random response. Many studies suggested selecting ffiffi ffi 2 p s as the triggering level, since it corresponds to a minimum in the RD signature variance [25] .
Proposed signal processing approach
The RD algorithm was tested with a generated response of a SDOF system with known dynamic characteristics, excited with a random force. The response was numerically computed and then processed by the RD algorithm to obtain a free vibration decay, from which the natural frequency and damping were extracted. A good agreement with the theoretical values was observed, but the results showed to be strongly dependent on the length of the sub-segment signals. With sub-segments longer than 20-30% of the total time window, the random component does not average exactly to zero. Many tests showed that better results were reached with time segments no longer than 5-10% of the total time window. The best results were obtained by taking the average of the values obtained from more than one random responses. The reason is that if the generated signal is not purely random, the average of its sub-segments cannot go to zero. By taking average of different sets of random responses, the bias contained in a single signal is removed. In addition, the choice of ffiffi ffi 2 p s as the triggering level showed to result in the best results. Figure 8 shows the values of viscous damping calculated with reference to the number of averages. An average of five different sets of white noise (WN) response was also performed. It is observed that the error between the identified and the expected damping ratios decreases as (1) the number of averaging increases, and (2) the data increase from a signal set to five sets. 
SEISMIC SHAKING TABLE TESTS
In order to investigate the effectiveness of the proposed nonlinear damping-based damage detection technique, shaking table tests were performed on a large-scale three-bent bridge model at University of Nevada, Reno. In order to accommodate the large size of the bridge, three shaking tables were used. As shown in Figure 9 , each of the three bents had two columns and was supported individually by a shaking table. The bridge deck consisted of three posttensioned beams. All the columns had the same design cross sections, but were of different heights, leading to different stiffness. To resemble the inertia of other parts of the superstructure not built into the model, or the inertia from the abutments on both ends, additional masses were added. The shaking tables were driven by input acceleration in the transverse direction. Gaps were provided at the connections between the deck and the bents, so that the deck was divided into two simply supported spans in the vertical direction. However, in the transverse direction the existence of the post-tension tendons and the pre-stressed strain made the three individual beams behave as one beam with a large cross section. Eleven FBA-11 type accelerometers were used to obtain the vibration response of the bridge model in the transverse direction, with their locations indicated in Figure 9 .
The model was shaken to different levels of damage by a sequence of earthquake ground motions with increasing intensities. The strong motions were classified into different levels, such as low, moderate, high, severe, and extreme levels. In between these events, low amplitude WN, simulating ambient vibration, drove the shaking tables to perturb the specimen in the corresponding damage level. Table I lists the sequence of the tests and the peak ground acceleration of some representative inputs. The three shaking tables were driven by the identical seismic ground motion signal to produce coherent input. Different levels of damage were observed on the bridge after each strong ground motion. The damage description shown in Table I represents the damage visually observed and confirmed by the strain measurement using strain gauges embedded in steel rebars before concrete casting. During the test, after each strong motion, cracks were marked and photos were taken to document the damage.
Owing to different stiffness of the bents, dynamic behavior was highly dominated by the torsion demanding high transverse movement for the first and the third bent. This explains the reason of the severe damage on these two and comparatively lighter damage on the second, middle, bent. The onset of Bent-1 yielding is due to the fact that the first mode of this bridge specimen (at its undamaged stage) has the largest displacement demand on Bent-1. After the yielding of Bent-1, Bent-3 attracts most the seismic force and yields, and then so happens to Bent-2 after the yielding of Bent-1 and Bent-3. The final collapse (in the test, the specimen was protected to avoid actual collapse) is associated with the steel buckling at Bent-3, which has the smallest ductility capacity among the three bents.
DAMAGE IDENTIFICATION
The proposed nonlinear damping-based damage detection method was verified by the bridge seismic shaking table tests. The damage identification procedure was applied to the responses to the four sets of low-level WN inputs (simulating ambient vibration). The study only used the ambient responses measured at the top of the bents. Those measured at the bottom were strongly contaminated by noise. In addition, the length of sub-segments was changed with reference to the selected WN in order to pick the same number of oscillation peaks in every case. Figure 10 shows the procedure applied to the third white noise (WN-3) response of Bent-1. It consists in the following four steps: (a) choice of the triggering level with reference to (b) data distribution; (c) application of the RD signature and calculation of the envelope through both positive and negative peak picking; and (d) data fitting with the two described damping models. In the following figures the results based on the Bent-1 measurements are reported for the four WN inputs considered. In Figure 11 the RD signatures obtained from the applied algorithm are shown; the calculated envelopes of the oscillation are also displayed. Figure 12 shows the same curves fitted with the two different models, i.e. the purely viscous model and the viscous-friction combined model. The obtained damping parameters are summarized in Table II , together with the values of the natural frequency obtained from the same RD signatures. Table II presents the damping identification results based on the two models-the purely viscous model and the viscous-friction combined model. By comparing the root mean square error (RMSE) between the identified and theoretical damping ratios as listed in the table, it is observed that the purely viscous model describes the WN-1 results better than the combined model. In contrast, for WN-3 and WN-4 in which the bridge is damaged, the combined model fits better the envelopes than the purely viscous damping model, as demonstrated from their RMSE values. Overall the viscous-friction combined model fits better with the results identified from the measurement, particularly when the bridge suffers more severe damage. Figure 13 plots the viscous and friction damping ratios in the combined model. Recall that the four sets of WN (ambient vibration) responses were measured at the bridge with different levels of seismic damage as shown in Table I , with no damage in WN-1 to severe damage in WN-4. Therefore, the X-axis also represents the severity of the seismic damage. As the seismic damage becomes more severe, the viscous damping ratio x decreases, while the frictional Figure 10 . Scheme of the applied procedure.
DAMAGE DETECTION BASED ON DAMPING ANALYSIS damping ratio g increases. As mentioned above, the values of g and x provide information about the percentage of the total energy dissipated by each damping phenomenon. Following this interpretation it can be concluded that there is a shift of dissipated energy from a viscous mechanism (material damping) to a friction mechanism (crack damping) with the evolution of damage. The presence of cracks in the structure is the direct cause of the development of a friction mechanism, which can be therefore assumed as a reliable damage index.
The seismic damage identified based on the nonlinear damping analysis shown in Figure 13 was consistent with the observed damage described in Table I that was based on the strain measurement at the column rebar as well as visual inspection. Therefore, the effectiveness of the proposed nonlinear damping-based damage identification method was experimentally verified.
The nonlinear damping parameter g can serve as a damage index. When its value equals zero, it means no damage. A significant advantage of this damage index is its baseline-free feature. The damage identification can be performed using only one set of ambient vibration measurement without comparison with a non-damaged state. For example, if only WN-4 is measured at the bridge in the seismic shaking table tests, the bridge structure can be identified as damaged, because the value of g is larger than zero. Similarly, from the results of WN-1, the structure can be considered undamaged, because there is no energy dissipated by the friction mechanism. The anomaly itself identifies the damage. 
COMPARISON WITH STIFFNESS REDUCTION
The identified change in the friction characteristics associated with the seismic damage was further compared with the change in structural stiffness. For this purpose, hysteretic loops were obtained from the RD signatures. The RD acceleration signals were double integrated to obtain the RD displacements. The plots, as shown in Figure 14 , use the measured acceleration under the assumption that the mass of the bridge is constant during the damaging events. It is observed that the structural stiffness decreases as the seismic damage becomes more severe. The RD algorithm proved to be a simple way to analyze the stiffness degradation associated with seismic damage. Furthermore, the damage identification results obtained in this study were compared with those using structural stiffness as a damage index. Different damage detection methods based on structural stiffness were proposed by the same group of researchers and verified by the same bridge seismic shaking table test results, as reported in [17, 18] . In [17] , an extended Kalman filter was applied to analyze the seismic response data and to instantaneously calculate the reduction of stiffness in each bent caused by the seismic damage. In [18] , stiffness reduction was identified by processing the pre-and post-event WN responses based on a linear timeinvariant model. Figure 14 and through the nonlinear damping method in Figure 13 . The stiffness is measured by the Y-axis on the left side of the figure, normalized with the stiffness values computed in WN-1. As the results, the stiffness values start from 1.0, implying 100% of the total stiffness when the structure is undamaged. The stiffness values identified by the three different methods all decrease as the seismic damage becomes more severe. The nonlinear damping ratio is presented by the Y-axis on the right side of the figure. The damping increases as the seismic damage becomes more severe. The figure shows a reasonably strong correlation between the nonlinear damping ratio g and the stiffness reduction associated with different levels of seismic damage on the bridge, particularly for the heavily damaged cases (WN-3 and WN-4) . In summary, the damage identification results from the four different damage identification methods show a good agreement.
CONCLUSIONS
In this paper a damage detection method was developed for reinforced concrete structures based on the analysis of a damage index expressed as the nonlinear damping ratio. The method was applied for the first time for detecting seismic damage in a concrete structure, a realistic bridge model subjected to realistic seismic damage. The RD signature technique is employed to process measured structural responses to ambient vibration, in order to facilitate the identification of the nonlinear damping ratio. Different levels of seismic damage on the bridge model were successfully identified by the nonlinear damping-based method. The following conclusions can be made.
(a) The nonlinear damping parameter g proved to be a reliable damage index, as it is not only highly sensitive to seismic damage of different levels, but also consistent with the observed damage. (b) A major advantage of the proposed nonlinear damping-based damage detection method is its baseline-free feature. The nonlinear damping parameter is able to detect the presence of damage in the structure without any reference to the undamaged baseline. 
